expression. Given the potential of ASCT2 as a lung cancer biomarker, this and other tracers reflecting ASCT2 levels could emerge as precision imaging diagnostics in this setting.
Introduction
W ith over 160,000 deaths annually, lung cancer is the leading cause of cancer-related deaths in the USA [1] . This is largely due to a lack of sensitive and specific diagnostic methods, as more than 60 % of patients remain undiagnosed until the disease has Mohamed Hassanein and Matthew R. Hight contributed equally to this work. Electronic supplementary material The online version of this article (doi:10.1007/s11307-015-0862-4) contains supplementary material, which is available to authorized users. progressed to an advanced or metastatic stage [2] . To date, 2-deoxy-2-[ ]FDG PET has proven sensitive towards the detection of glucoseavid tumors, its specificity is limited in the context of lung cancer due to an inability to distinguish cancerous lesions from inflammatory and benign nodules [3] . Alternatively, PET imaging diagnostics that measure the amino acid dependency of lung cancer cells have been reported, such as the use of radiolabeled tyrosine derivatives to access system L activity [4] , and show promise as alternatives to [ 18 F]FDG PET. However, the transport and metabolism of other amino acid fuel sources that may be crucial for cancer growth and development, such as glutamine, remain largely unexplored as imaging targets in lung cancer.
Emerging evidence suggests that glutamine metabolism plays a crucial role in cancer cell growth and is regulated by oncogenic signaling pathways [5] [6] [7] . In lung cancer, pharmacological inhibition of glutamine uptake has been shown to suppress cell growth in vitro and induce regression of primary and metastatic tumors in vivo [8] [9] [10] . Related to this, our group has previously identified alanine-serinecysteine transporter 2 (ASCT2), a sodium-dependent neutral amino acid transporter of glutamine that is encoded by the gene SLC1A5, to both be expressed in a majority of lung cancers and found ASCT2 to be the primary transporter of glutamine in cell lines of human non-small cell lung cancer (NSCLC) [11] . Furthermore, pharmacological inhibition of ACT2 was found to attenuate both cell growth and the mTOR signaling pathway. From more recent studies, expression of ASCT2 was also linked to poor survival rate in lung cancer cells [12] .
Given these findings, we hypothesized that a quantitative PET measure of ASCT2 expression and glutamine metabolism could have potential as a precision imaging diagnostics of lung cancer. In these studies, we evaluated a previously described fluorine- 18 
Materials and Methods

Small Animal Models
All studies involving small animals were conducted in accordance with both federal and institutional guidelines. Human xenograft small animal models were developed through subcutaneous injection of H520 lung squamous cell carcinoma (SCC) cells (2× 10 6 ), COLO-205 colorectal cancer (CRC) cells (1×10 7 ), or HCT-116 CRC cells (1×10 7 ) into the right flank of 6-to 8-week-old athymic nude mice (6904F, Harlan). Palpable tumors were observed within 90 days for H520 tumors or 3 to 4 weeks for COLO-205 and HCT-116 tumors following inoculation and selected for PET imaging upon tumors reaching a minimum size of 100 mm 3 , as was determined using caliper measurements of sagittal tumor sections.
The generation of Egfr L858R and Egfr L858R+T790M NSCLC mice, male and female, was performed as described previously [14] . Briefly, expression of tetracycline-regulated oncogenes in lung epithelia was induced in bitransgenic mice through feeding of doxycycline-impregnated chow (625 ppm; Harlan-Teklad) after genotype confirmation via tail biopsies. Mice began developing tumors within 6 weeks as was apparent by the appearance of ruff hair coat, rapid shallow breathing, and weight loss. Tumor burden was confirmed using anatomical magnetic resonance imaging at 8 weeks.
Radiochemistry, PET Imaging, and Analysis 18 F]fluoroGln was produced using a methodology analogous to those previously reported [13, 15] . Imaging acquisition and processing were performed analogously to our previously reported methods [16] . Further details on these methods are provided in the supporting information (SI).
Immunoblotting and Immunohistochemistry
Detailed immunoblotting and immunohistochemistry (IHC) methods can be found in the SI.
Statistical Analysis
The mean radiotracer concentration within each ROI between 40 and 60 min post radiotracer administration were used for statistical analysis. Statistical significance of tumor-to-muscle comparisons in xenograft tumor models was evaluated using a paired, two-tailed t test. Similarly, tumor-to-lung, tumor-to-heart, and lung-to-heart comparisons in Egfr L858R+T790M transgenic mice were compared using an unpaired, two-tailed t test. Differences were assessed within the GraphPad Prism software (v.6.01) package and considered statistically significant if p values were less than 0.05.
Results
4-[ 18 F]Fluoro-Gln in Xenograft Tumor-Bearing Mice
To explore the potential of PET imaging to non-invasively evaluate ASCT2 expression in tumors, we evaluated 4-[
18 F]fluoro-Gln accumulation in three distinct cell line xenograft tumors of varying ASCT2 expressions: H520 (SCC, n=4), COLO-205 (CRC, n=9), and HCT-116 (CRC, n=5). Following administration, 4-[
18 F]fluoro-Gln exhibited preferential accumulation in sites of tumor growth, relative to muscle, for all xenograft models (Fig. 1a) . Mean tracer uptake, as determined by injected dose per cc (%ID/cc), was found to be statistically different, using a paired Student's t test, between tumor and muscle tissues for H520 (4.51± 1.18 %ID/cc, p=0.0426), COLO-205 (6.51±0.80 %ID/cc, pG0.0001), and HCT-116 (3.83±0.64 %ID/cc, p=0.0344) (Fig. 1b) . Histological evaluation of the ASCT2 expression in harvested xenograft tumors illustrated detectable transporter expression, compared to surrounding stroma, which varied in intensity among the three tumor models (Fig. 1c) . Notably, overall 4-[
18 F]fluoro-Gln uptake in xenograft tumor tissue agreed with relative ASCT2 expression levels by both histology and immunoblotting analysis (Fig. 1d) . By comparison, [ 18 F]FDG accumulation did not exceed background muscle accumulation in H520 lung cancer xenografts (3.30±0.14 %ID/cc, p=0.8099) (Fig. 2) 
ASCT2 Expression in EGFR-Mutant Tissues and Cells
Building upon the cell line xenograft studies and serving as a bridge to preclinical imaging studies in genetically engineered mouse models of lung cancer, ASCT2 expression was explored in epidermal growth factor receptor (EGFR)-mutant human lung cancers. IHC analysis was performed in tumor and matched normal tissue samples obtained from four Vanderbilt patients confirmed to exhibit the EGFR mutation. ASCT2 was found to be significantly elevated in areas of cancer growth, compared to the normal lungs, with predominantly membranous distribution (Fig. 3a) .
To further evaluate ASCT2 expression in human lung cancer harboring the EGFR mutation, we evaluated its expression in parental and erlotinib-resistant EGFR-mutant 
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NSCLC cell lines derived previously using well-established, in vivo dose-escalation protocols [17, 18] . Immunoblotting evaluation revealed ASCT2 to be overexpressed in EGFRmutant cell lines (PC9, H4006, H2279) compared to immortalized human bronchial epithelial cells (HBE) (Fig. 3b) (Fig. 4b) . Mean 4-[ 18 F]fluoro-Gln time activity curves (TACs) for all mice (n≥4) revealed rapid tracer delivery in the tumor, normal lung, and heart with each tissue exhibiting a unique clearance profile (Fig. 4c) . Based on %ID/cc, a tumor-to-lung ratio of 3:1 was achieved by conclusion of the 60-min scan. Dissimilar from the uptake trends observed in H520 SCC xenografts, [ 18 F]FDG accumulated preferentially in Egfr L858R+T790M tumors (17.50± 3.19 %ID/cc, n=5) in a manner similar to 4-[
18 F]fluoro-Gln (Fig. 4a) (Fig. 4b) . Mean [
18 F]FDG TACs of all mice imaged (n≥4) illustrated rapid and increasing tracer delivery in tumor and lung tissues with minimal clearance from tumor tissue, as opposed to the lungs which exhibited a steady clearance profile (Fig. 4c) . In this model, [ 18 F]FDG showed a higher tumor-to-lung ratio (7:1), compared to 4-[ 18 F]fluoro-Gln, by the conclusion of the 60-min scan. Histological evaluation revealed ASCT2 to be expressed in cancerous tissue regions (Fig. 4d) .
Discussion
In these studies, we sought to evaluate 4-[
18 F]fluoro-Gln, a previously reported fluorine-18 radiolabeled analogue of To explore glutamine PET in a more clinically relevant setting, 4-[
18 F]fluoro-Gln was explored as a measure of ASCT2 expression in a genetically engineered mouse model that recapitulates many features of human EGFR-mutant lung cancer. 4-[
18 F]Fluoro-Gln was observed to accumulate at higher rates in sites of NSCLC tumor growth, compared to both the normal lung and cardiac tissue, but exhibited modest tumor tissue wash-out over the course of a 60-min uptake period. Interestingly, heart-to-lung contrast for [ 18 18 F]FDG PET lacks the specificity needed to diagnose lung cancer in the setting of indeterminate pulmonary nodules due to accumulation in inflammatory lesions [19] . A potential limitation of 4-[ 18 F]fluoro-Gln is its lack of ASCT2 selectivity. Glutamine accumulation in cells is accomplished through an evolutionarily redundant repertoire of transporters, and 4-[
18 F]fluoroGln can be internalized by the glutamine transporters beyond ASCT2 [13] . Furthermore, in a recent report, SiRNA knockdown of the transporter only resulted in reduction of 4-[
18 F]fluoro-Gln uptake by only 50 % [20] . Given this, another approach could explore tracers that exhibit greater ASCT2 selectivity, although these classes of probes are still in their infancy [21] . An additional reported drawback of 4-[ 18 F]fluoro-Gln includes tracer metabolism leading to defluorination and bone accumulation [22] , although we did not observe sufficient levels of defluorination in this study to hinder lung cancer imaging. 
Conclusions
In preclinical studies, 4-[ 18 F]fluoro-Gln PET was found to reflect ASCT2 expression in lung and CRC human xenograft tumors, thus revealing it as a potential precision imaging diagnostics of lung cancer. Further studies should evaluate its performance in additional models of lung disease, including benign and inflammatory lung nodules.
